The inhibitor of apoptosis proteins (IAPs) 1 regulate the caspase family of cysteine proteases which play an important role in the execution of programmed cell death. Human XIAP is a potent inhibitor of caspases-3, -7, and -9. Here we show that the Bir3 domain is the mimimal region of XIAP that is needed for potent caspase-9 inhibition. The three-dimensional structure of the Bir3 domain of XIAP, determined by NMR spectroscopy, resembles a classical zinc finger and consists of five α-helices, a three-stranded β-sheet, and a zinc atom chelated to three cysteines and one histidine. The structure of the Bir3 domain is similar to that of the Bir2 domain of XIAP but differs from the previously determined structure of the Bir3 domain of MIHB. Based on site-directed mutagenesis, we have identified the regions of the Bir3 domain of XIAP that are important for inhibiting caspase-9. Despite the structural similarities of the Bir2 and Bir3 domain of XIAP, a different set of residues were found to be critical for inhibiting the individual caspases. These results suggest that XIAP inhibits caspase-3 and caspase-9 in a different manner.
Introduction
Programmed cell death is a tightly regulated process that is critical for normal development and tissue homeostasis and when dysregulated can lead to a variety of diseases such as neurodegenerative disorders and cancer (1) . One class of proteins that negatively regulates cell death signalling is the inhibitor of apoptosis proteins (IAPs). IAPs are highly conserved and have been found in many species (2) (3) (4) (5) (6) . The members of this family are characterized by having one or more baculovirus IAP repeats called Bir domains. Bir domains consist of approximately 70 amino acids that contain the characteristic signature sequence CX 2 CX 16 HX 6 C (7, 8) . Some IAPs also contain a C-terminal ring finger that contains one zinc atom chelated to three cysteines and one histidine and another zinc ligated to four cysteines (9) .
One of the major functions of the IAPs is their ability to bind to and inhibit the cysteine proteases known as caspases (10, 11) which play a key role in the execution of programmed cell death (12) . Caspase inhibition by the IAPs can directly explain their antiapoptotic activities. For human XIAP, the region responsible for inhibiting caspases-3 and -7 was localized to a fragment containing the second Bir domain (13) . Although the Bir domain was necessary for caspase-3 inhibition, residues outside of the Bir2 domain were also found to be critical for inhibiting caspase-3 (14) . On the basis of site-directed mutagenesis and NMR studies on the interaction of XIAP with caspase-3, it was postulated that the residues N-terminal to the Bir2 domain of XIAP bind to the active site of this enzyme (14) . 4 caspase-9, it was postulated that the ring finger may function to stabilize the Bir3 domain in a conformation required for caspase-9 inhibition (15).
Three-dimensional structures of the Bir2 domain of XIAP (14) and the Bir3 domain of MIHB (cIAP-1) (16) have been reported. The structure of the Bir2 domain of XIAP resembles a classical zinc finger and consists of four α-helices and a three-stranded antiparallel β-sheet. The structure of the Bir3 domain of MIHB, on the other hand, was reported (16) to be an α-helical protein with a fold not previously observed for zinc-binding proteins.
In this paper, we have identified the miminal region of XIAP that is required for inhibiting caspase-9. In contrast to earlier studies (15), we find that the ring finger is unnecessary for potent caspase-9 inhibition. The Bir3 domain alone is sufficient. We have also determined the threedimensional structure of the Bir3 domain of XIAP. The structure of this protein is compared to the previously determined structures of the Bir2 domain of XIAP and Bir3 domain of MIHB.
Finally, on the basis of site-directed mutagenesis, we have identified amino acids of XIAP that are important for caspase-9 inhibition.
Materials and Methods
Protein Preparation -XIAP (residues 241-497) was cloned from a Jurkat cDNA library into the pET-28b vector (Novagen). C-terminal deletions were created by introducing a stop codon at the appropriate positions. Site-directed mutants were prepared using the Quick-change mutagenesis kit (Stratagene). The coding region in all of the plasmids was confirmed by sequencing.
The protein (residues 241-356) used in the structure determination was expressed in the E. (21) were incorporated into a torsion angle dynamics (22) and simulated annealing protocol (23) using the program CNX (MSI Inc., San Diego, CA). A single family of low energy structures was obtained from these calculations that defined the overall fold. Refinement of these initial structures was accomplished using the ARIA protocol (24) . New NOE assignments were accepted from ARIA if they agreed with the manually-derived NOEs. stock solutions in the assay buffer and subsequently serially diluted to give a ten-point curve. In each assay, a control inhibitor (DEVD-aldehyde) was included.
Results and Discussion
Minimal region of XIAP that inhibits caspase-9 -To identify the minimal region of XIAP that inhibits caspase-9, a series of truncated XIAP proteins were expressed in bacteria, purified, and tested for their ability to inhibit recombinant caspase-9 in vitro (Fig. 1) . We also tested the ability of these proteins to inhibit a panel of caspases (caspase-1, -3, -6, -7, -8, and -9).
Consistent with earlier results (15), the Bir3-ring finger was found to specifically inhibit caspase-9. However, in contrast to this earlier study, we found that the ring finger is unnecessary for caspase-9 inhibition. Indeed, much smaller proteins containing only the Bir3 domain were sufficient to inhibit caspase-9 ( Fig. 1) . The reason for this apparent discrepancy was investigated by characterizing the shorter protein (residues 261-336) used in the previous work by NMR spectroscopy. The amide protons observed in an 15 N-1 H correlation spectrum of the uniformly 15 N-labeled protein appeared in a relatively narrow frequency range. These results strongly suggest that the protein is unfolded and can explain why the short protein was unable to inhibit caspase-9. The smallest protein that was folded and potently inhibited caspase-9 contained residues 241-356 (Fig. 1 ). This protein was chosen for the structural studies.
[ Figure 1 ] [ (Fig. 2) . A total of 2475 NMR-derived restraints were used in the structure calculations (Table 1) atoms. The N-terminus (residues 241-254) and C-terminus (residues 345-356) corresponding to the amino acids outside of the Bir3 domain are disordered. However, the Bir3 domain is welldefined except for residues I276-N280 and T308-E314. The amide protons of the ill-defined residues were not observed in any of the NMR spectra, suggesting that these signals are exchange broadened.
[Figure 2 and 3]
The structure of XIAP (241-356) consists of five α-helices, three β-strands, and a zinc atom which is coordinated to the conserved residues C300, C303, C327, and Nε2 of H320 (Fig. 4a,   Fig. 5 ). The first α-helix (residues 265-272) runs antiparallel to the second (residues 282 -286).
These two α-helices are followed by the conserved residues A287 and G288 which form a sharp turn, leading to the three-stranded antiparallel β-sheet. The β-sheet is followed by α3 (residues 316-322), α4 (residues 327-333), and α5 (residues 336-342) which are nearly perpendicular to one other. α5 packs against α3 and forms a hydrophobic cluster involving W317, I339, and I342. These interactions appear to be important and can explain why the shorter protein (residues 261-336) lacking the C-terminal α-helix is unfolded and unable to inhibit caspase-9.
[Figures 4 and 5]
The surface of the Bir3 domain is depicted in Fig. 6 . In addition to the conserved hydrophobic residues (F272, L284, F289, V298, L330) that form the core of the Bir3 domain, there are several hydrophobic residues that are exposed on the surface, including F270, W275, V279, and W310. Also noteworthy is a patch of negatively charged residues on the surface which is composed of E314, D315, and E318 (Fig. 6) . On the other side of the protein, there is a cluster of positively charged residues (R268, R258, and K299).
[Figure 6]

Structural comparison to other Bir domains -The structure of the Bir3 domain of XIAP is
very similar to that of the Bir2 domain of XIAP ( Fig. 4, 5) . They both contain a three-stranded antiparallel β-sheet, α-helices of similar lengths and orientations, a zinc atom chelated by three conserved cysteines and a histidine, and a hydrophobic core made up of highly conserved residues. The r.m.s.d. between the Bir3 and Bir2 domain of XIAP is 1.5 Å for 49 residues located within the conserved secondary structural elements. The only difference is the presence of an extra C-terminal α-helix in the Bir3 domain. The residues that form the C-terminal α-helix are highly conserved in Bir3 domains but not in other Birs, suggesting that the C-terminal α-helix may be uniquely found in Bir3 domains. Indeed, the Bir3 domain of MIHB (Fig. 4c) contains a C-terminal α-helix corresponding to the one found in the Bir3 domain of XIAP. In addition, like the Bir2 and Bir3 domain of XIAP, a zinc is chelated to three cysteines and a histidine. However, unlike the Bir domains of XIAP, the Bir3 domain of MIHB lacks a β-sheet, is missing α4, and has shorter α-helices for α1 and α3 (Fig. 4, 5 ). These structural differences are surprising in view of the high sequence homology observed for the Bir domains (8) .
Amino acids important for caspase-9 inhibition -
In an earlier study (14) , we found that the residues of XIAP important for caspase-3 inhibition were located in a linker region between the Bir1 and Bir2 domains that contained a sequence (DISD) resembling the residues found in substrates and inhibitors of caspase-3. The substrate specificity for caspase-9 is different and consists of the consensus sequence (I/L/V)-X-X-D. Interestingly, a stretch of amino acids (VSSDRNI) that resembles the substrate consensus sequence for caspase-9 was found N-terminal to the Bir 3 domain of XIAP. To determine whether these residues were important for caspase-9
inhibition, a truncated protein that lacked these residues was prepared. The truncated protein (residues 252-356) potently inhibited caspase-9 ( Fig. 1) . Furthermore, the mutation of D247 to alanine, which would be predicted to alter caspase-9 inhibition if this region were important, shows no effect (IC50 ~17 nM, Table 2 ). Therefore, unlike the importance of the residues Nterminal to the Bir2 domain for caspase-3 inhibition, the analogous region N-terminal to the Bir3 domain is not required for the inhibition of caspase-9.
[ Table 2 ]
Several other mutant proteins were prepared and tested for their ability to inhibit caspase-9
( Fig. 6 , Table 2 ). Most of the mutant proteins showed no effect and potently inhibited caspase-9.
However, mutation of E314 to a serine completely abolished caspase-9 inhibition. In addition, an attenuation of casapse-9 inhibition was observed for W275A and V279A, and a complete loss of caspase-9 inhibition was observed for the W310A and H343A mutant proteins (Table 2) .
In order to check whether the mutant proteins were properly folded, 15 N labeled proteins were prepared for those mutants that displayed a large loss of caspase-9 inhibition, and their15 N-HSQC spectra were compared to a spectrum of the wild-type protein.
With the exception of the W275A mutant protein, the spectra of the mutant proteins only displayed minor chemical shift differences compared to the wild-type protein, suggesting that the structures are very similar.
As shown in Fig. 6 , the residues that have the largest effect on caspase-9 inhibition (E314, W310, H343) are all located in the same region of the protein. E314 is part of a cluster of acidic residues that make up a negatively charged patch on the surface of the protein (Fig. 6) . However, the other acidic residues of this patch (D315 and E318) do not appear to be important for caspase-9 inhibition because when mutated to alanine show no loss of inhibitory potency (Table   2 ). W310 and H343 are located on the edge of a basic patch that forms a shallow pocket on the protein surface. This site appears to be the region of XIAP that interacts with caspase-9.
Conclusions
The IAPs play a critical role in the regulation of programmed cell death. One of their major functions is to bind to and inhibit the caspases which if left unchecked could lead to massive cell death. XIAP potently inhibits both caspase-3 and caspase-9. The inhibition of caspase-3 is accomplished by binding of the Bir2 domain and residues N-terminal to the Bir2 domain to the enzyme (14) . In contrast, as shown here, only the Bir3 domain of XIAP is required to inhibit caspase-9. Residues N-terminal to the Bir3 domain or the ring finger are unnecessary for potent caspase-9 inhibition. The structure of the Bir3 domain of XIAP was found to be similar to the previously determined structure of the Bir2 domain of XIAP (14) . Despite these structural similarities, however, the amino acid residues in the Bir3 domain found to be important for caspase-9 inhibition are different from those necessary to inhibit caspase-3. Thus, XIAP employs a distinctly different mechanism to inhibit different caspases. 
